The retro-GCN4 leucine zipper sequence forms a
stable three-dimensional structure
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The question of whether a protein whose natural sequence is
inverted adopts a stable fold is still under debate. We have
determined the 2.1-A crystal structure of the retro-GCN4 leucine
zipper. In contrast to the two-stranded helical coiled-coil GCN4
leucine zipper, the retro-leucine zipper formed a very stable,
parallel four-helix bundle, which now lends itself to further struc-
tural and functional studies.

ince the early folding experiments by Anfinsen (1), it has

been accepted that structure and function of a protein are
determined by its amino acid sequence as read from the N
terminus to the C terminus. But how does the structure change
if the amino acid sequence of the protein is inverted? Inverted
sequences are occasionally found in genomic DNA, but thus far,
a native retro-protein has not been detected. Physicochemical
properties that are related to the amino acid composition or the
hydrophobicity profile should not be affected by the inversion of
the sequence, supporting the idea that retro-sequences might fold
into a native-like conformation. Modeling experiments sug-
gested that reversal of the backbone direction may result in a
topological mirror image of the native structure of the protein
(2) or may produce the same topology as that of the parent
protein (3, 4). Thus far, no structure elucidation of a retro-L-
peptide at atomic resolution has been reported.

Coiled coils, including leucine zippers, consist of two to five
intertwined o-helices and are frequently found in oligomeric
proteins such as transcription factors as well as motility and
structural proteins (5). We used the two-stranded coiled-coil
domain of the yeast transcription activator GCN4 (6) to dimerize
an artificial HIV enhancer-binding peptide, an operation that
resulted in increased inhibition of HIV enhancer-controlled
transcription (7). Because modeling studies suggested that the
retro-sequence of the GCN4 leucine zipper also seemed to form
a suitable dimerization module, a 35-residue retro-GCN4 was
synthesized and characterized. Oxidized retro-leucine zipper
extended with Cys-Gly-Gly, previously termed (r-LZ38), (r-
GCN4-pl’; Fig. 14), crystallized and is now shown by x-ray
structure analysis to fold into a parallel tetrameric coiled coil.

Materials and Methods

Ultracentrifugation. Sedimentation velocity experiments were
performed with a Beckman-Spinco XL-A analytical ultracen-
trifuge. The peptide was dissolved in 20 mM TrissHCI/80 mM
NaCl adjusted to pH 5.0, and measurements were made over a
10- to 100-uM peptide concentration range. The centrifuge was
operated at a speed of 50,000 rpm at 20°C. A partial specific
volume, v = 0.74 cm3-g~!, was calculated from the amino acid
composition as was an estimate of the degree of hydration, d; =
0.47 g water/g protein. Sedimentation velocity traces were
analyzed according to the method described in ref. 8, and a value
of the sedimentation coefficient, sy 20 = 1.77 £ 0.5 Svedberg, was
obtained by extrapolation to infinite dilution. The axial ratio was
calculated as described in ref. 9.
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Crystallization and Data Collection. The r-GCN4-p1’ peptide (Fig.
1A4) was synthesized by solid phase chemistry as described (10)
and crystallized by hanging drop vapor diffusion. The reservoir
solution consisted of 0.2 M sodium chloride/25% (vol/vol)
2-methyl-2,4-pentanediol /100 mM sodium acetate, pH 4.8. The
peptide solution in water (2.5 mg/ml) was mixed with the
reservoir solution in a 1:1 ratio. Crystals belonged to space-
group P2,2,2 with unit cell dimensions of a = 34.11 A, b =34.09
A, and ¢ = 56.44 A and two peptide chains per asymmetric unit.
The crystal packing was very close to the tetragonal space group
P42,2 with one molecule in the asymmetric unit. Data were
collected at the Swiss-Norwegian beamline at European Syn-
chrotion Radiation Facility (Grenoble, France) and processed
with the program XDS (11). Data are given in Table 1, with the
values in the last resolution shell shown in parentheses.

Structure Solution and Refinement. The structure was solved by
molecular replacement (program AMORE; ref. 12) with the
complete tetrameric GCN4-pLI structure as a search model
(PDB ID code 1GCL; ref. 13). After rigid-body refinement, the
electron density maps were sufficiently clear to assign the
r-GCN4-pl’ sequence. During the early stages of refinement, we
used the simulated annealing slow-cooling protocol (program
X-PLOR; ref. 14) and manual model building (program o; ref. 15).
Later, we applied constrained maximum-likelihood refinement
as implemented in the programs REFMAC (16) and CNs (17). The
Fons were scaled anlsotroplcally Bi1 = 0.984 A2 , By, = 0.789 A2
and B33 = —1.735 A2 The specific buried surface (Sp) was
calculated as Sy = [(Zolig X Smono) Sotig]/ (Zolig X Mres) With Zojig
being the number of a-helices in the coﬂed coil, Smono and Soiig
being the water-accessible surfaces in A2 of the isolated a-helix
and the coiled coil, respectively (rprobe = 1.4 A) and 7,5 being
the number of residues in one o-helix.

Results and Discussion

Analytical ultracentrifugation and CD spectroscopic studies
showed that the true r-GCN4-p1 35-residue peptide (Fig. 14)
was monomeric and had no appreciable structure in the low
micromolar concentration range (10). However, at higher
concentrations (1 mM), this peptide is completely «-helical
(Fig. 1B). Analytical ultracentrifugation showed that, at 250
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Fig. 1. (A) Sequence alignment of the true 35-residue retro-leucine zipper
based on the sequence of GCN4-p1, previously termed r-LZ35 (r-GCN4-p1),
r-GCN4-p1’, wild-type C-terminal 33-residue leucine zipper moiety of the yeast
transcription activator GCN4 (GCN4-p1), and GCN4-p1 mutant with leucine
and isoleucine residues in positions a and d, respectively (GCN4-pLl). Because
of the low sequence identity between r-GCN4-p1’ and GCN4-p1 of 19% and
the symmetry of the folds, there is no unique superposition. The structures
could be shifted by seven residues along the superhelix axis, yielding super-
positions with similar rms deviations (rmsds). For this alignment, the conserved
central cavity was taken into account. The palindrome axis and the residues
that participate in the seven-residue repeats are indicated. Both GCN4-p1 and
GCN4-plLl are acetylated at the N terminus. (B) CD spectra of r-GCN4-p1 at
various concentrations (1 mM, dotted line; 120 uM, dashed line; 30 uM,
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Table 1. Crystallographic data and refinement statistics

Data statistics
Resolution, A

20.0-2.08

Unique reflections 3,740

Multiplicity 2.8

Completeness 87.2% (80.7%)

Rsym* 3.5% (11.0%)

/30 83.9% (65.0%)
Refinement statistics

Reryst' 18.0%

Rifree’ 28.0%

rMSpond 0.034 A

MSangle 3.10°

Protein atoms 610

Water molecules 60

*Rsym = Eth/Ejllj,hk/ — <|hkl|/2hk12j|j,hkll where (lp) is the average of the
intensity I;n over j = 1, ..., N observations of symmetry equivalent
reflections hkl.

TReryst = (2 || Fol — |Fc DI/Z|Fol, where |Fo| and |F| are the observed and scaled
calculated structure factor amplitudes, respectively.
Riree is the R factor with 10% of the data that were excluded from refinement.

uM, r-GCN4-pl exists as a mixture of monomers and tetram-
ers in solution (10). N-terminal extension of r-GCN4-p1 by the
tripeptide Cys-Gly-Gly yielded a 38-residue peptide (r-GCN4-
pl’) that allowed the formation of a covalently linked dimer.
r-GCN4-pl" was completely a-helical at a much lower con-
centration of 15 uM. Ultracentrifugation data of r-GCN4-p1’
were interpreted as a prolate ellipsoid with axial ratios of 2.3,
suggesting that the tetramer is preserved even in dilute aque-
ous solutions (9). The CD spectra of r-GCN4-pl at high
concentrations and of r-GCN4-p1’ at low concentrations are
very similar. Therefore, we conclude that the secondary
structural contents of r-GCN4-p1 at 1 mM and r-GCN4-p1’ at
15 uM are also similar.

The structure was refined in the orthorhombic space group
P2,2,2, although the crystal packing was very close to tetrago-
nal. Processing the data in P42,2 yielded an Ry, of 4.7%,
which was similar to the value observed for P2,2,2 (Table 1).
The decision for the lower symmetry space group was made
based on the chemistry of the peptide. Mass spectroscopic
analysis showed that two peptide chains were covalently linked
by a disulfide bridge (data not shown). The presence of two
disulfide bridges was in contradiction to the perfect 4-fold
symmetry. To allow for this asymmetry, we reduced the main
symmetry axis from 4- to 2-fold. The structure was modeled as
a dimer of dimers (Fig. 1C). However, the Cys-Gly-Gly linker
is partially disordered, and the molecule adopts an almost
perfect 4-fold symmetry with an rmsd of 0.10 A between the
noncrystallographic symmetry-related peptide chains (resi-
dues 4-36), explaining the low Ry value for the tetragonal
processing.

The coiled-coil superhelix has a cylindrical shape with a
diameter of 20 A and a height of 55 A (Fig. 24). The observed
molecular dimensions correspond with the analytical ultracen-
trifugation experiments. Residues 6-34 form an «-helix that
makes a 77.8° superhelical twist. Because there are just 3.5

dotted/dashed line) and oxidized r-GCN4-p1’ (15 uM, solid line). (C) Helical
wheel of the r-GCN4-p1’ tetramer. Helical wheel representation of residues 4
to 36. The view is from the N terminus. Heptad positions are labeled a through
g. Polar interactions between side chains are indicated by dashed lines.
Main-chain side-chain polar interactions are shown by continuous lines.
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residues per a-helix turn, one superhelical turn requires 37
a-helical turns or 130 residues. There is a large temperature
factor gradient along the superhelix from below 20 A2 for
residues 13-21 to approximately 100 A2 near the N and C
termini. Obviously the N and C termini with their increased
thermal motion possess greater structural flexibility. Water
molecules are concentrated around the rigid central part of the
superhelix (Fig. 24). A much less pronounced temperature
factor gradient is observed in the native GCN4-pl structure (6)
and is entirely lacking in the tetrameric GCN4-pLI mutant (13).
The increased rigidity in the central parts of the retro-peptide
superhelix corresponds with the results that have been obtained
in the retro-bombolitin III peptide entrapped in SDS micelles
that has a central helical segment, as determined by NMR
spectroscopy (20).

Coiled-coil structures contain a characteristic sequence
profile consisting of seven residues denoted a to g. The a and
d positions are occupied by leucine, isoleucine, or valine
residues whose side chains point toward the center of the
superhelix. The packing of the helices is guided by the “knobs-
into-holes” principle that was first proposed by Crick (21).
Knobs in position a fit into holes formed by residues d, g, a”*,
and d* of the clockwise related a-helix (¥ refers to the next
repeat). Knobs in position d fit into holes that are created by
residues in positions a, d, e, and a#. In the -GCN4-p1’ peptide,
positions a and d are filled by leucine and valine residues (Fig.
1C). These residues form the hydrophobic core along the
center of the superhelix. Harbury and coworkers (13) related
the oligomerization states with the residue types in the a and
d positions. The authors introduced a nomenclature for sub-
stitutions in the GCN4-pl sequence: GCN4-pIL, -pll, -pLlI,
etc. reflect the amino acids in positions a and d. If positions a
and d were filled by Ile(Val)/Leu, Ile/Ile, or Leu/Ile(Val)
residues, then the coiled-coil structures were dimers, trimers,
or tetramers, respectively. The dimeric wild-type GCN4-pl
structure and the tetrameric GCN4-pLI mutant superimpose
onto the r-GCN4-p1’ mutant with rmsds of 0.37 A and 0.50 A,
respectively. The oligomerization state of the r-GCN4-pl’
structure is in perfect agreement with these predictions,
because the r-GCN4-pl’ peptide as well as the GCN4-pLI
mutant form tetramers in solution. The structure-based se-
quence alignment (Fig. 14) indicates that valine residues in
position d are replaced by isoleucine residues in the GCN4-pLI
mutant. The GCN4-pLI mutant core is more densely packed
than the r-GCN4-p1’ core because of additional carbon atoms
in the side chains at position d. Fig. 2B shows that there are
four cavities lining up along the 4-fold axis. The largest cavity
(volume = 87 A3) is close to the center of gravity of the

Fig. 2. (A) Backbone of the r-GCN4-p1’ tetramer colored according to
temperature factor (dark blue = 20 A2 red = 100 A2). Water molecules are
shown as red bullets. Figures were prepared with the programs moLscriPT and
BOBSCRIPT (18, 19). (B) Cavities in the r-GCN4-p1’ structure. The volumes of the
cavities are 87 A3 (green), 39 A3 (blue), 36 A3 (magenta), and 30 A3 (cyan). The
cavities were calculated with a probe radius of 1.6 A. The palindrome axis
intersects the 4-fold symmetry axes at the top of the large cavity; axes are
indicated as black lines. The figure was generated with the program GraAsp (22).
(C) Stereo projection of water molecules in the central cavity. The view is
parallel to the 4-fold symmetry axis. Possible hydrogen bonds are indicated by
dashed lines. (D) Polar interactions on the surface of r-GCN4-p1’ (green carbon
atoms) and GCN4-pLl mutant (pink carbon atoms). Polar interactions are
indicated by black lines. Residue numbering corresponds to the r-GCN4-p1’
structure; # refers to the next repeat. (E) Superposition of residues 15-25 of the
r-GCN4-p1’ structure (green carbon atoms) onto residues 12-22 of the wild-
type GCN4-p1 structure (pink carbon atoms, residue numbers in
italics). The Ca atoms superimpose with an rmsd of 0.29 A. In the r-GCN4-p1’
structure, the direction of the sequence is from top to bottom. In the GCN4-p1
structure, the direction is from bottom to top.
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r-GCN4-p1’ structure. The strong positive electron density
inside this cavity was interpreted as four water molecules. Two
of them form hydrogen bonds with symmetry-related Asn-21
side chains, which are the only polar side chains that point into
the hydrophobic core (Fig. 2C). The positions of these water
molecules are badly defined, and in fact, this cavity seems to
be too narrow to host all four water molecules simultaneously.
Perhaps only two waters occupy this cavity at the same time but
may fluctuate between the four symmetry equivalent positions.

The smaller cavities are located close to valine residues at
position d of the seven-residue repeat. In GCN4-pLl, all of these
cavities, except the large central cavity, are absent. No fixed
water molecule positions are found in the central cavity of
GCN4-pLI. Stabilizing hydrogen bonds are impossible because
of the replacement of Asn-21 by isoleucine. The role of the
asparagine residues in the a positions of the central seven-residue
repeat of GCN4-pl and the c-Jun leucine zippers have been
discussed in detail (23-26); it is thought that the presence of this
residue maintains the dimeric state, even though asparagine in
the a position involves an energetic expense, because the higher
order oligomers tend to be more stable than the dimer because
of an increased buried surface area. Substitution in positions e
and g also lead to changes in oligomerization state (27, 28). In
the r-GCN4-pl’ structure, 44 A? per residue is buried on
tetramerization compared with 25 A? in the native GCN4-p1l
dimer. Also, in the r-GCN4-p1’, the asparagine is shifted to the
d position.

Residues 2-5 and residues 37-38 do not participate in the
a-helix hydrogen bond network and possess extended confor-
mations. The disordering of the N-terminal Cys-Gly-Gly linker
can be attributed to the placement of the disulfide bridge.
Residue Cys-1 occupies position e, which is unsuitable for a
covalent interaction between symmetry-related side chains. To
accommodate the disulfide bridge, a distortion of the helix
hydrogen bond network is required. The side chain of Glu-5
forms a water-mediated hydrogen bond with the peptide
oxygen of Arg-4 in the counter-clockwise related helix and
serves as an efficient N-terminal helix cap. Although Lys-34
and Arg-36 are located close to the C terminus, neither of these
residues fulfills a similar function. Further polar side chains are
involved in hydrogen bonds on the surface of the superhelix.
Particularly, the interactions between side chains in positions
g/b (Lys-10/Arg-12 and Glu-31/GIn-33), g/e (Glu-17/Glu-
15), and c¢/b (Tyr-20/Glu-26) create a hydrogen-bonding
network that ties together adjacent a-helices (Fig. 1C). Sur-
prisingly, there are several interactions between identically
charged side chains. Presumably, the charges are sufficiently
delocalized such that repulsive interactions do not interfere
with folding of the retro-peptide. Interactions between iden-
tically charged side chains are occasionally found in crystal
contacts (29, 30). The surface hydrogen-bond network in the
r-GCN4-p1’ structure is markedly different from the network
seen in the GCN4-pLI structure (Fig. 2D). Only one g/b
interaction (Lys-8/Glu-10 in GCN4-pLlI) is conserved in the
r-GCN4-p1’ structure (Lys-10/Arg-12). Ser-23 in r-GCN4-p1’
and Ser-14 in GCN4-pLI are in position f. In both structures,
the serine OH groups interact with peptide oxygens in b
positions of the previous a-helical turns. Surprisingly, the
r-GCN4-p1’ structure is very stable. The dissociation constant
and the free energy of unfolding for the r-GCN4-pl’ are K4 =
1.8 X 1071 M and AG,, = 55.0 kJ'mol~! (10). The occurrence
of unfavorable polar interactions in the r-GCN4-pl’ structure
illustrates that the stability of the GCN4 leucine zipper is
dominated by the proper packing of the hydrophobic core, and
polar interactions on the surface play only a minor role, which
is in agreement with previous results (31).

Mittl et al.

The r-GCN4-pl’ monomer is almost identical to the native
GCN4-pl monomer, because the hydrophobicity profile con-
tains a palindrome. The 2-fold palindrome axis intersects the
r-GCN4-pl’ structure close to the central cavity between His-19
and Tyr-20 (Figs. 14 and 2B). Application of the 2-fold sym-
metry operation to the native GCN4-p1 sequence is equivalent
with an @ — d and d — a transposition within the seven-residue
repeat. When residues in positions ¢ and d are swapped, the
oligomerization state changes from a dimer to a tetramer.
Application of the palindrome axis to the native GCN4-pl
peptide inverts the direction of the helix dipole. Superposition of
the r-GCN4-p1’ structure onto the inverted GCN4-pl structure
yields an rmsd of 0.69 A for 31 Ca atoms. When the superpo-
sition is restricted to a smaller part of the structure, the rmsd is
significantly reduced (Fig. 2E). In this superposition, the a-helix
dipole moments point in opposite directions, but both structures
possess exactly identical sequence profiles. Side chains in the
r-GCN4-pl’ structure are aligned with the Ca hydrogens of the
inverted GCN4-pl structure. Despite this similarity and the
identity of the sequence profiles, the r-GCN4-p1’ peptide does
not form a dimer like the native GCN4-p1 peptide, because the
orientation between side chain and main chain is critical for the
proper packing of a-helices. To achieve an optimal knobs-into-
holes fit, the Ca—Cp bond in position d must be perpendicular
to the Ca—Ca vector in the adjacent helix. Because the side-
chains are pointing in the direction of the Ca hydrogens, a
r-GCN4-p1’ peptide consisting of D amino acids could form a
dimer with the helix dipole oriented in the opposite direction.

Several studies on retro-peptides have been reported (32,
33), but with the exception of a 13-residue retro-D-peptide
(34), detailed structural analysis has generally been hampered
by the inability of the retro-peptides to form stable three-
dimensional structures. This inability has led to the conclusion
that retro-peptides differ considerably from their parent pep-
tides and represent new structural entities where the correct
folding is not guaranteed (35). Our results show that, although
the retro sequence of many proteins might not fold, there are
peptides in which the retro-sequence indeed folds and adopts
a stable structure. The palindromic nature of the sequence is
an important property for the existence of a stable retro-
peptide structure. Although the r-GCN4-p1’ structure does
not seem to be perfect, because there are several cavities in the
hydrophobic core as well as interactions between identically
charged side chains, it is reasonably stable. The presence of a
palindrome ensures that the hydrophobicity profiles of the
parent and the retro-sequences are similar. However, a palin-
drome in a protein can be more hidden than a palindromic
DNA repeat, which makes detection extremely difficult. Al-
though improved packing and stability might result if such a
peptide were subjected to evolutionary pressure, the detection
of the parent sequence would probably become impossible.
The simplicity of the fold that consists only of a-helices also
contributes to the stability of the r-GCN4-pl’ structure,
because this architecture has the advantage that main chain
hydrogen bonds are exclusively formed locally, and elements
that are located in distant parts of the sequence do not have
to interact. In addition, because there is just one secondary
structural element, the structure is entirely free of loops. These
factors relax the constraints on the sequence profile and
increase the probability of the occurrence of a palindrome. We
believe that, although r-GCN4-p1’ is an artificial construct, it
will be an extremely useful tool for studying the impact of
sequence directionality on protein folding.
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